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Abstract 
Dimensional accuracy characterized by limit deviation in diameter is of great importance for the sized steel used for critical 
machine parts and tool production. Sized steel is manufactured by cold drawing with small single reductions. One of the ways 
to improve the dimensional accuracy is to take into account the recovery effect. As a result of the effect above the sized steel 
diameter after drawing is a bit larger than the die bearing diameter in the non-loaded condition. For some predetermined 
combinations of the drawing process factors the recovery value is quite comparable with the diameter tolerance limit 
determined by standards. It is especially characteristic for sized steel more than 10 mm in diameter with yield strength of more 
than 400 MPa. The study describes the investigation results of the drawing process factors influence the value of sized steel 
recovery. Using the finite elements method the authors carried out simulation of stress and strain state in the deformation zone 
during drawing. It was proved that there was a relationship between the radial stresses developed on the sized steel surface on 
the exit from the die bearing zone and the recovery value. The research group determined the dependence of recovery value on 
the degree of reduction, the coefficient of contact friction, the die semi-angle and the die bearing length, the bar yield strength 
and its diameter. The obtained results make it possible to determine the parameters of sized steel drawing with the preset 
diameter limit deviation taking into account the recovery effect within a wide deviation range of processing factors.   
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1. Introduction 
Sized steel is widely used to produce axles, shafts, rollers, fasteners and other parts at machinery plants. 
Dimensional accuracy is of great importance for sized steel used as a workpiece for ultra critical parts of 
machinery and tools. An increase in a demand for high-accuracy sized steel is attributed to increased requirements 
for accuracy and reliability of machinery and mechanical parts. A key process determining dimensional accuracy 
of sized steel is single-pass drawing with low degrees of deformation in solid dies (sizing) of hot rolled or heat 
treated rolled products after pickling or mechanical surface treatment.  One of ways to improve dimensional 
accuracy of sized steel is to factor in deformation features of drawing at low degrees of deformation. 
One of significant factors having an effect on accuracy of a processed work-piece is heating of steel and die in a 
deformation zone. The effect of thermal expansion of dies on dimensional accuracy in a drawn bar is studied in the 
paper [1]. Analytical correlation between sized steel dimension accuracy and temperature distribution across the 
die is discussed in this paper.  In their paper [2] authors study special features of heating steel which influence 
geometry accuracy of the sized steel in view of an effect which they call an undershoot resulting from high heating 
of processed steel in the deformation zone. The simulation results show that the increase in accuracy of the drawn 
bar may be achieved by increasing reduction by more than 10% and treatment speed. The die semi-angle should be 
approximately 70. 
While increasing a diameter of the drawn bar and steel strength properties, a prominent role has the recovery 
effect which has an influence the size accuracy (Fig. 1). 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Recovery effect in drawing process. 
 
The challenge to ensure the required accuracy of the sized steel diameter becomes complicated because of a 
little concern given to quantitative assessment of elastic recovery depending on processing factors of drawing.  
To take into account a higher amount of factors influencing steel recovery during drawing, and to improve 
accuracy of finite element simulating results, approaches of reverse engineering are used [3, 4]. Thus, in the paper 
[4] the effects of thermal deformation and recovery of the workpiece and the die on the final dimensional accuracy 
were investigated. Friction and thermal conditions obtained from inverse engineering were used to simulate 
numerically the deformation and the occurrence of heat transfer during cold wire-drawing process using FEA. 
Inverse engineering procedures to determine friction and thermal conditions in wire-drawing process are proposed 
by measuring the drawing force and the transition curve of temperature at a certain position of the die assembly [5]. 
Based on the calculated results and after the comparison with the obtained measurements in the experiments the 
author establishes that since the measurements include the drawing force and monitoring temperature at a 
convenient position, inverse engineering is simple and useful to be applied in actual conditions. 
Analysis of existing dependences used to determine the steel recovery value during drawing showed that 
available data on its nature and changes during drawing of sized steel were disembodied and sometimes conflicting. 
For some predetermined combinations of the drawing process factors the recovery value is quite comparable with 
the diameter tolerance limit determined by standards. There are not enough studies of stress-strain state in 
deformation zone and its influence the recovery of sized steel more than 10 mm in diameter with yield strength of 
more than 400 MPa. 
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Nomenclature 
Ȝsteel recovery value 
d1          sized steel diameter 
ır           tension radial stress on the steel surface 
ı0           bar yield strength  
 
2. Effect of the mode of deformation on the sized steel recovery value  
To study the effect of a nature and values of occurring stresses on steel recovery, we used software complex 
DEFORM 3D to simulate the mode of deformation in a deformation zone at various values of drawing process 
factors (Table 1). 
 
  Table 1. Studied process parameters at a drawing speed of 1 m/s. 
Parameters under study Range of 
changes in 
parameters 
Constant parameters of the drawing process 
1. Relative degree of deformation İ, % 
2. Friction coefficient f 
3. Die semi-angle ĮB , 0  
4. Relative die bearing length lk/dk  (lk is the die bearing length) 
5. Bar diameter d0, mm 
6. Bar yield strength ı0, MPa 
5 – 20 
0,05 - 0,15 
5 – 10 
0 - 0,3 
10 - 40  
300 - 600  
f  = 0,08; Įȼ  = 80; d1 = 20,5 mm; lk/d1 = 0,28 
Įȼ  = 80; İ = 12%; d1 = 20,5 mm; lk/dk = 0,28 
f  = 0,08; İ = 12%; d1 = 20,5 mm; lk/dk  = 0,28 
f  = 0,08; İ = 12%; d1 = 20,5 mm 
f  = 0,08; İ = 12%; Įȼ  = 80; 
f  = 0,08; İ = 12%; Įȼ  = 80; d1 = 20,5 mm; lk/dk = 0,28  
 
The stress-strain state was estimated in a cylindrical coordinate system and reduced to building a finite 
element grid corresponding to boundary conditions. A steel bar model consisted of 150,000 elements, 26,000 
surface polygons and 28,000 nodes, a die model consisted of 280,000 elements, 80,000 surface polygons and 
68,000 nodes. Contact of the bar and the die was set in surface nodes of elements. In a contact zone a grid pitch 
was intentionally decreased by four times.  
As a result we received radial and full stress distribution profiles in the deformation zone and distribution of 
the deformation rate in a radial direction at various relative degrees of deformation, contact friction coefficient, die 
semi-angle and die bearing length, bar yield strength and its diameter (Figs. 2 and  3). 
Generated profiles of radial stress distribution ır on the steel surface subject to processing factors of drawing 
contain two peaks of tension radial stresses at the entry of the bar into die, and exit thereof from the die. The first 
peak of tension radial stresses at the entry of the bar into the die occurs due to a slight flow of steel on the die as a 
wave, the second peak corresponds to recovery of steel at the exit from the die bearing zone. The largest increase 
in tension radial stresses and, consequently, relative recovery is present with the deformation degree growth and 
bar yield strength. The highest growth of tension radial stress is observed while changing the degree of 
deformation within the range of 0-10%, then the value of tension radial stresses remains almost unchanged. 
While increasing the die bearing length, the rate of tension radial stresses on the bar surface decreases to lk / dk 
= 0.1. After the further increase in the length of the die bearing, values of tension radial stresses remain almost 
unchanged. While increasing the diameter of sized steel at a similar degree of deformation, the value of tension 
radial stress increases proportionally. Increased friction coefficient and die semi-angle also increase tension radial 
stresses, which is a result of increase in non-uniformity of the stress-strain state in the deformation zone. 
As a result, we found the following effect of processing factors on tension radial stresses occurring in the 
deformation zone. Change in the degree of deformation within a range of 5 - 20% contributes to the growth of 
tension radial stresses from ı r = 0.12ı0 to ır = 0.35ı0. With increasing the contact friction coefficient within a 
range of 0.05 to 0.15 the growth of tension radial stresses from ır = 0.2ı0 to ır = 0.3ı0 occurs. The same tendency 
is observed when the die semi-angle varies within a range of 10º to 24º. It causes the growth of tension radial 
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stresses from ır = 0.22ı0  to ır = 0.33ı0 . Variation the diameter of sized steel within a range of 10 to 40 mm leads 
to the growth of tension radial stresses from ır = 0.11ı0  to ır = 0.4ı0 . But the drop of tension radial stresses from 
ır = 0.3ı0  to ır = 0.18ı0  is a result of increasing the relative die bearing length within a range of lk/dk = 0 to lk/dk 
= 0.4. 
  
(a)                                                                                                                      (b) 
        
                                   
Fig. 2. Distribution profiles of radial ır stresses on the bar surface depending on drawing process factors: (a) relative degree of deformation;   
(b) friction coefficient. 
                       
(a)                                                                                                                      (b) 
                       
 
Fig. 3. Distribution profiles of radial ır stresses on the bar surface depending on drawing process factors: (ɚ) die semi-angle; (b) relative die 
bearing length. 
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As a result of simulation, we received a dependence of steel recovery value Ȝ on tension radial stresses [6] 
 
        )0014.00052.0(
0
1  V
VO rd ,                                                                                                               (1) 
 
where d1 is the sized steel diameter, ır is  tension radial stress on the steel surface, ı0 is bar yield strength. 
 
3. Effect of die elastic deformation on recovery of sized steel 
During drawing of sized steel the die is operated in heavy-loaded conditions, having high thrust forces, and 
deforms elastically. To define the influence of die elastic deformation on dimensional accuracy of sized steel, we 
performed simulation in Deform 3D. A die loading pattern was set by applying vector force elements in surface 
nodes. Die radial deformation at various degrees of deformation during drawing is given in Fig. 4.  
 
        (a)                                                                                                            (b)                                                                                       
       
                                                                                                                     
Fig. 4. Die radial deformation at a deformation degree of sized steel: (a) 5% ; (b) 15%. 
 
As a result of such simulation, we received the dependence of die elastic deformation on bar yield strength and 
relative die bearing length (Table 2). 
Table 2. Dependence of die elastic deformation on bar yield strength and relative die bearing length.  
             lk/dk 
ı0  
 
0,5 0,45 0,4 0,3 0,2 0,1 
300 0,0013 0,0017 0,0021 0,0025 0,0028 0,0031 
400 0,0019 0,0023 0,0026 0,0030 0,0033 0,0035 
500 0,0025 0,0028 0,0031 0,0035 0,0037 0,0039 
600 0,0029 0,0032 0,0035 0,0039 0,0041 0,0044 
700 0,0032 0,0035 0,0038 0,0042 0,0044 0,0047 
800 0,0035 0,0038 0,0041 0,0045 0,0047 0,0050 
 
681 Alexey Korchunov et al. /  Procedia Engineering  81 ( 2014 )  676 – 681 
During such simulation it was found out that die elastic deformation did not exceed 3-8% of a total value of 
steel recovery during sized steel drawing. 
In order to estimate simulation results experiments were carried out. Profiled steel with the diameter 25 mm 
with 0.40 and 0.80 %C was sized at different deformation degree which varied from 5 to 15 %. Dies with 
diameters 160 and 200 were used. It was proved that the given model for calculating recovery effect in drawing of 
steel bar for sizing matches well with experimental data. The error is not more than 10%. This model can be used 
to forecast the accuracy of sized steel diameter and to calculate the efficient diameter of die bearing zone. 
 
4. Conclusion 
Using computer simulation investigation results of the recovery effect in the process of sized steel drawing for 
improving the dimensions accuracy are presented. The following conclusions can be formulated based on the 
obtained results analysis: 
(1) The recovery effect influences the sized steel dimensions accuracy especially with increasing as its diameter 
more than 10 mm as yield strength more than 400 MPa. 
(2) The recovery effect is closely connected with stress-strain state nonuniformity in the deformation zone while 
drawing. It was proved that there was a relationship between the radial stresses developed on the sized steel 
surface on the exit from the die bearing and the recovery value. 
(3) The dependence of recovery value on the degree of reduction, the coefficient of contact friction, the die 
semi-angle and the die bearing length, the initial yield strength and the sized steel diameter was determined. 
(4) The recovery effect during drawing increases as the following parameters increase (in the degree of their 
influence), firstly deformation degree, secondly steel yield strength, thirdly friction coefficient, fourthly die 
semi-angle. At the same time the recovery effect decreases with increasing die bearing length. 
(5) The die elastic deformation during sized steel drawing do not exceed 8% of a total value of steel recovery 
during sized steel drawing. 
The obtained results make it possible to determine the parameters of sized steel drawing with the preset 
diameter limit deviation taking into account the recovery effect within a wide deviation range of processing factors.   
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